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Results of a molecular-dynamics computer simulation are presented for atomic relaxations and re-
laxation energies for self-interstitials in a silicon crystal. The Stillinger-Weber model potential con-
taining two- and three-body terms is used and is expected to be more realistic than a simple Keating
potential. The host crystal is represented by a cluster of 800 atoms, and the additional silicon atom
was embedded in various interstitial sites near the center. The whole assembly was then periodically
continued to fill the entire space. It is found that significant atomic relaxations occur in a shell of a
radius —11 a.u. and decay exponentially. In fact the relaxation is oscillatory in nature and also
nonuniform within some shells. The calculated formation energies of vacancy and self-interstitials
at equilibrium show trends which are in agreement with the self-consistent field total-energy calcula-
tions. These energy values are also in agreement with the known self-diffusion activation energy.
From calculated formation energy values, we are able to draw the conclusion that the tetrahedral-
site interstitial can be most readily formed. The hexagonal-site interstitial, on the other hand, is
most repulsive. The migration from tetrahedral to dumbbell interstitial site appears to be most
favorable.
I. INTRODUCTION
Silicon atoms located in noncrystallographic atomic po-
sitions in a Si crystal are called self-interstitials. The im-
portant features of the interstitials at low and high tem-
peratures were already recognized more than a decade
ago. ' It was known that at low temperature (-4 K)
the self-interstitials migrate with very high mobility. The
lack of the phonon density as a source of driving force for
the motion of the self-interstitials led one to seek for an
atherrnal mechanism of migration. It was proposed that
at very low temperature, interstitials should gain energy
by capturing electrons in nonequilibrium states. ' At
higher temperatures, the nature of defect primarily re-
sponsible for mediating self-diffusion has been widely de-
bated. It was argued that at intermediate temperature the
dumbbell (formed by replacing a single host atom with a
pair of Si atoms) interstitial dominates the self-diffusion,
whereas at high temperature self-interstitials become ex-
tended and exist in an amorphous bubble form. ' Recent
detailed electronic structure and total-energy calculations
of these defects provided a wealth of information, and
shed light on the microscopic aspects. From these cal-
culations it is now possible to deduce the formation and
migration energies of various charge states. These calcu-
lations also reveal various favorable paths of migration in
the crystal.
The self-interstitials are expected to form new bonds by
weakening the existing bonds. This causes bond distor-
tions that should affect the calculated energy of forma-
tion. Since the actual positions of atoms near the defect
site are not known, the equilibrium positions can only be
obtained by geometry optimizations. In view of the many
neighbors involved in the deformation, fully optimized
calculations are not feasible. For that reason, in the elec-
tronic structure calculations the lattice distortions were ei-
ther totally omitted, or were limited only to first and
second neighboring shells. For example, in the calcula-
tions by Car et al. only the relaxation of nearest neigh-
bors was treated in a self-consistent way, but the long-
range lattice relaxations were taken into account by the
Keating model.
In the present study we approached this problem from
a different direction, and have carried out the molecular
dynamic calculations by using the Stillinger-Weber (SW)
model potential. ' The premise is that the computer
simulations using this potential have been successful in re-
vealing important information regarding the surface and
liquid structure of Si. ' '" For example, the SW potential
readily leads" to the unbuckled dimer bond formation on
Si(001). Furthermore, it also suggests extended recon-
struction of the type proposed by Pandey. ' Recent
analysis of the Si(001) surface by scanning tunneling mi-
croscopy is confirming these predictions. ' The objective
of our study is twofold: First is to provide a further
understanding on the lattice distortions caused by the
self-interstitials. Second is to explore the value of the SW
model potential by comparing with the results obtained
from the self-consistent field (SCF) total-energy calcula-
tions. In the present work employing the SW potential,
we four|d that the lattice relaxations are significant up to
a distance of —11 a.u. from the defect center, and nonuni-
form in a given shell. We have alsc calculated the energy
of formation for these defects in an ideal (unrelaxed) and
relaxed crystal. The energies for the unrelaxed system are
found to be larger than one expects from electronic struc-
ture calculations. However, upon relaxation these energies
are significantly reduced and give values in substantial
agreement with the SCF total-energy calculations.
35 9552 1987 The American Physical Society
MOLECULAR-DYNAMICS STUDY OF SELF-INTERSTITIALS. . . 9553
II. METHOD AND MODEL [001]
The molecular-dynamics simulation technique yields
the motion of a given number of atoms governed by their
mutual interatomic interactions, this being calculated by
numerical integration of Newton's equations of motion.
In the traditional molecular dynamics experiment, the to-
tal energy E for a fixed number of atoms N in a fixed
volume V is conserved as the dynamics of the system
evolves in time, and the time average of any property is an
approximate measure of the microcanonical ensemble
average of that property for a thermodynamic state of
N, V,E. For certain investigations, it may be advanta-
geous to perform the simulation at constant pressure
and/or temperature.
We have chosen an isobaric-isothermal molecular-
dynamics approach which essentially evolved from experi-
ence with the Monte Carlo method. Conventional molec-
ular dynamics consists of integrating Newton's equation
of motion to obtain the trajectories of the atoms, where
the total energy is a constant of the motion as the system
evolves along its trajectory in phase space. In our
isobaric-isothermal molecular-dynamics method, we adopt
the following two changes from conventional molecular
dynamics: (i) In order to simulate a constant temperature,
the atomic velocities are renormalized at every time inter-
val ~&, so that the mean kinetic energy corresponds to the
given temperature T; (ii) in order to simulate a constant
pressure, the volume of the computational cell is changed
randomly by 6V within some prescribed range at every
time interval ~z, requiring the scaling of all the atomic
coordinates by an appropriate factor, and with an accom-
panying total energy change 6U. Adopting the Metropo-
lis test, if the quantity
b, W =6U+P6V —Nk+T ln(1+6 V/V)
is negative, this "scaled" configuration is accepted. If it is
positive then this configuration is accepted only with the
probability equal to exp( —6 W/kz T). The time evolution
of the system is still governed by the numerical integra-
tion of the classical equations of motion, but with the
velocity renormalization and position scaling being
periodically performed at the specified time intervals. To
describe this molecular-dynamics method succinctly, the
"stochastic dynamics" of the individual atoms in the
isobaric-isothermal Monte Carlo method is replaced by
the deterministic equations of motion with the added
feature of velocity renormalization —everything else
remains the same.
We have investigated four different types of self-
interstitials. Tetrahedral-site ( Ir ) and hexagonal-site
( IH ) self-interstitials are located, respectively, at
(a/2, a/2, a/2) and (3a/8, 5a/8, 5a/8). These posi-
tions (or equivalent sites related by rd and D3d point
group symmetry) are low charge-density regions in the Si
crystal and have four nearest neighbors for I~ and six for
IH. In Fig. 1 positions of Iz- and IH together with their
neighbors in a conventional cubic cell are illustrated.







FIG. 1. (a) Tetrahedral-site (I~) and (b) hexagona1-site (IH )
self-interstitial positions are shown by the shaded circles and
crosses in the conventional cubic cell and on the (011) plane.
Heavily and lightly outlined circles are the Si atoms on the (011)
plane, and a/2+2 below, respectively. Numbers in the circles
denote the shell. Crosses indicate equivalent interstitial sites
and a = 10.26 a.u. is the lattice constant of Si.
plane, the locations on this plane are also shown in the
same figure. The bond-centered interstitial (Iz ) is created
by breaking one of the Si—Si bonds (for example a bond
along the [111]direction), and by placing an additional Si
atom at the center. In the split or dumbbell interstitial
(ID), one Si atom of the perfect crystal located at (0,0,0) is
replaced by two Si atoms at ( —U 3a/8, 0,0) and
(v 3a/8, 0,0).
We simulated the crysta1 having any one of these de-
fects by a periodic supercell consisting of the units of the
(011) plane: 5 along [100], 5 along [011], and 16 along
the [011] direction. This way, our supercell was formed
by 800 host Si atoms and one interstitial of the type under
consideration at the center. The supercell geometry was
used to eliminate the edge effects, and at the same time its
size is taken sufficiently large to prevent interactions
among interstitials in the neighboring supercells.
In view of the fact that the quantum-mechanical total-
energy calculations for geometry optimizations of —100
atoms are not feasible yet, much effort has gone into
simpler methods. In this context, the potential functions
derived from two-body interatomic forces have been used
for inert gas solids, but have been found to be inadequate
for metals and semiconductors. This failure is remedied
by including three-body interactions representing the an-
gular forces. ' ' The results obtained so far are en-
couraging. "' In fact the ground-state energy of a con-
densed system of X atoms with respect to the same num-
ber of noninteracting atoms may be expressed as a (poten-
tial) energy function of nuclear coordinates,
=(R~,R2, . . . , R~), within the Born-Oppenheimer ap-
proximation. In an equilibrium state at T=O K this ener-
gy is equal to the cohesive energy of this system. In gen-
eral this energy function can be expanded in terms of the
pair and three-body interactions assuming that they are,
to a first approximation, additive and that the higher-
order terms have negligible effects. Usually these interac-
tions are represented by proper functions of the atomic
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TABLE I. Ideal (unrelaxed) and equilibrium (relaxed) atomic positions around a tetrahedral site self-interstitial (IT) on the (011)
plane. Here N identifies the shell and x,y, z are coordinates in unit of lattice constant a. Also r; and r, are ideal and equilibrium dis-
tances from the self-interstitial. The coordinate center is at the Il site, and x~
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coordinates with certain parameters to be fitted to various
equilibrium properties of the matter under consideration.
The SW (Ref. 10) model potential for the condensed
phases of Si was constructed in this way, and may be
viewed as a generalization of the Keating potential. It is
similar in spirit and form to the pioneering work of
Smith' for amorphous Si and Ge.
Our results are obtained using molecular-dynamics
simulation technique, described above briefly using the
SW potential. ' The potential is the sum of a combina-
tion of pair and triplet potentials, vz and v3, scaling by the








B =0.602224 558 4, ao —1.80, A, =21.0, and y = 1.20.
The scaling parameters are v=2. 1675 eV and o.=2.0951
A. Since these parameters are determined from the crys-
tal as well as from the liquid-state properties, so the range
of applicability of this potential is not limited to the
tetrahedral coordination. ' This point is extremely im-
portant for the present study. In our molecular-dynamics
calculation, we started with a cluster of 800 atoms in their
ideal bulk positions. The additional impurity atom was
placed in various sites near the center of this cluster. The
atoms are allowed to evolve using molecular dynamics
with a very small temperature and to relax to a potential-
energy minimum as the temperature is decreased toward
zero and the pressure maintained at zero.
We obtained the energy of formation as follows: First,
we calculated the total energy of the perfect periodic su-
percell. Then each interstitial calculation was carried out
in two stages. In the first stage, the crystal atoms and the
and
&(Br —1)exp[(r —ao) '], r &ao
f2(r)= '() r &ao,
f3 (r;, rj, rk ) = h ( r J., r; k 8; ) +h ( r/;, rjk, 8/ )
+h (rk;, re , 8/ ), .
h (r/J, rk, 8; ) =&e/tp[y(r;, —ao) '+y(r//, —a//) ']





h (r;, r;k, 8; ) =0,
where 0; is the angle between atoms j and k subtended at
vertex i, etc. The SW parameter set is A =7.049 556277,
FICz. 2. Displacements (multiplied by 100) of the Si atoms
from the tetrahedral-site self-interstitial atom in unit of a. The
numbers in the circle indicate the shell. r, denotes equilibrium
(relaxed); r; denotes ideal (unrelaxed) distances from the self-
interstitial site.
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FIG. 3. Displacements (multiplied by 100) of the Si atoms
from the hexagonal site self-interstitial atom in units of a. See
caption to Fig. 2 for other details.
FIG. 4. Equilibrium atomic configuration around a bond-
centered self-interstitial (I~) on the (011) plane. Regular Si
atoms on the plane and on the plane below are shown by heavily
and lightly outlined circles, respectively. Dashed circles indicate
ideal positions (prior to relaxation).
interstitial are frozen at their ideal positions, and their to-
tal energies are calculated. In the second stage, both crys-
tal and interstitial atoms are allowed to relax until the
equilibrium is reached. The difference between the energy
in the equilibrium configuration and the energy of the
perfect cell is taken as the formation energy of the defect.
Clearly, no information concerning the electronic struc-
ture of the supercell, especially the charge states of inter-
stitial, can be obtained from the present calculations. In
this respect, the comparison of the energy of formation
obtained from electronic structure calculations with the
present results is possible for neutral interstitials only.
However, in contrast to the Keating potential, larger dis-
placements of the crystal atoms can be treated adequately
with the present potential.
III. RESULTS AND DISCUSSIONS
In Table I the positions of the crystal atoms with
respect to Iz are listed before and after the relaxation. In
Fig. 2 the deviations from the ideal defect-host internu-
clear distance (r, r;) are p—lotted as a function of the
ideal (unrelaxed) defect-host atom distance. It is interest-
ing to see that around Iz center the second-neighbor
atoms have larger displacements than the first-neighbor
atoms. Here the maximum relaxation is 0.42 a.u. The re-
laxations of the atoms at the fourth neighborhood vary
between 0.37 and 0.07 a.u. , and reflect the directionality
of the deformation. As one goes farther away from the
defect the displacement decays in an oscillatory fashion.
The oscillatory character of the displacements is even
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more pronounced in the IH interstitial (see Table II and
Fig. 3). The first-neighbor atoms have equal outward dis-
placement by 0.62 a.u. The second-neighbor atoms, how-
ever, depending on their relative positions with respect to
the defect center, have 0.22-a.u. expansion or O. l-a.u. con-
traction. The third neighbors have quite large displace-
ment by -0.4 a.u.
Figure 4 illustrates the equilibrium atomic configura-
tion around the Is defect on the (011) plane. In this case,
the two atoms closest to this interstitial are pulled apart
by 1.07 a.u. As a result of incorporating an additional Si
atom at the bond center, two sevenfold rings are created,
causing distortions in the neighboring sixfold rings. For
this configuration, one may speculate that the center of
the sevenfold ring may provide favorable locations for
new interstitials to make the single Iz center extended.
This way the formation energy of the bond-centered inter-
stitial may even be lowered further. As seen from Table
III, the relaxations due to the bond-centered interstitial
also exhibit an oscillatory behavior.
The atomic configuration of the dumbbell interstitial is
shown in Fig. 5. The two atoms forming the dumbbell
(D~ and Dq), have three nearest neighbors each, and thus
they form an sp -like bond configuration. In this case
also, similar to the bond-centered interstitial two adjacent
sevenfold rings are created. The largest relaxation occurs
at the fourth neighboring shell (see Table IV). In agree-
ment with the conclusion drawn from earlier calcula-
tions, the atomic relaxations are small for the T site,
moderate for the H site, and large for the B site. The
main difference is that the relaxations in our work extend
over 4—5 coordination shells around the defect. In fact,
for all interstitials studied here the relaxation of a crystal
atom having an internuclear distance (r;) from the defect
center may be expressed in the following form:
r, —r, =g exp( ar; ), —
where (=0.17, a=2.5, and r is in units of a. In general,
up to a distance r; =a, relaxation deviates from the above
expression and exhibits oscillations with significant ampli-
tudes. However, for r; &a the amplitudes of the oscilla-
tions become smaller and relaxations decay exponentially.
The values of the formation energies are given in Table
V. The energies for the unrelaxed crystal given in the
first column are significantly larger than the values ob-
tained from the SCF total-energy calculations. In the
SCF calculations the electrons are subject to relaxation
despite the fact that the atoms are frozen at their ideal po-
sitions. It means that even in this unstable structure, elec-
tronic charge around the defect center readjusts to lead to
a lower energy state. By definition, such an energy lower-
ing should be reproduced by the exact potential function
TABLE IV. Ideal and equilibrium atomic positions around a dumbbell (split) self-interstitial (ID). The coordinate center is taken
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TABLE V. The formation energies of self-interstitials. For-
mation energies Ef; are obtained for Si atoms in their ideal po-

















FIG. 5. Equilibrium atomic configuration around a dumbbell
(split) self-interstitial (ID) on the (011)plane.
Since the parameters in the SW model potential are
fitted to the equilibrium states, the formation energies of
unrelaxed crystal are overestimated. In the case of vacan-
cy where the degree of deviation from the stable configu-
ration is comparably small, the formation energy for the
unrelaxed crystal (-4.34 eV) lies within the range of the
SCF total-energy values.
The SCF formation energies reported by Car et al. lie
in the 5—8-eV range depending upon the charge state of
the impurity and the position of the Fermi level in the en-
ergy gap. When Fermi level is in the lower half of the
gap, the stable form is a doubly ionized IT interstitial
( —5 eV). When Fermi level is in the upper half of the
gap the stable forms are neutral Iz and I~ interstitials
with formation enthalpies close to 6 eV. Our equilibrium
formation energies listed in the second column of Table V
are in reasonable agreement with these values. This
demonstrates that the SW potential is capable of giving
the correct estimates of the formation energies of intersti-
tials in equilibrium state. The tetrahedral interstitial has
the lowest formation energy and thus is predicted to be
dominant in low-temperature migration. By contrast, the
hexagonal-site interstitial has the highest formation ener-
gy, and thus should have 1owest equilibrium concentra-
tion. The energy difference between IT and IH is found
to be 1.6 eV. The vacancy formation energy is found to
be 4.34 eV with small energy gain upon relaxation. The
stability of the vacancy with respect to this formation en-
ergy is tested: First, the system is heated up to 1200 K,
and then relaxed slowly as the temperature is decreased.
This time the system evolved to a different energy
minimum with a smaller vacancy volume, suggesting that
there exists a manifold of energy minima resulting in dif-
ferent atomic positions around the vacancy. On the other
hand, the atomic configuration of the bond centered inter-
stitial as described in Fig. 4 is found to be stable.
It emerges from the high-temperatures self-diffusion
data that the diffusion coefficient may be represented by
the relation D =Doexp( Hlkz T) with the activat—ion en-
ergy H which lies in the range of 4—5 eV depending upon
the temperature. In view of the fact that the self-
diffusion activation energy is due almost entirely to the
formation energy, the present results confirm the con-
clusion that vacancies and self-interstitials mediate the
self-diffusion. The migration path starts from the equili-
brium site, and evolves by capturing electrons to overcome
the energy barrier. This process is highly dependent on
the energies of various charge states and thus on the posi-
tion of the Fermi level. Since the present model conveys
no information about the electronic structure and various
charge states of the interstitials we are not able to deter-
mine energetically favorable paths, but comparing the en-
ergies in Table V we suggest that the path from IT to ID
appears to be most favorable.
Very recently' an important new mechanism for the
self-diffusion in Si has been proposed and supported by
first-principles total-energy calculations. The mechanism„
called concerted exchange, does not require any mediation
by defects for atomic diffusion. Instead, an energetically
favorable path is found in which the atoms can move
through a set of configurations with activation barrier no
larger than 4.3 eV. Incidentally, this value is very close to
the vacancy-formation energy found in our calculation
here. The activation energy in the concerned exchange
path is certainly competitive with defect-mediated mecha-
nisms and is also consistent with experiments. It is thus
a serious candidate for explaining some significant part of
the diffusion in Si. It is interesting that this mechanism
involves large displacements of atoms several coordination
shells away from the exchange center much like what we
are finding around the defect site.
In conclusion, we have shown that with a reasonable
potential function such as SW one is able to obtain results
concerning the defect formation energies in a covalent
semiconductor in substantial agreement with the SCF cal-
culations. The atomic configurations predicted for the
bond-centered and dumbbell interstitials are found to be
quite interesting. A study of these geometries by more
elaborate methods of total-energy calculations might pro-
vide new insights into the energetics of the self-
interstitials. In view of the overestimated formation ener-
gies corresponding to unrelaxed crystal it appears that
further improvements are required to make the SW poten-
tial less repulsive. Works using this type of potential
functions are found to be quite useful in suggesting start-
ing configuration for the investigation of large systems,
such as large-size surface reconstruction and amorphous
state, which seem to be beyond the range of the present
SCF techniques.
We acknowledge discussions with Dr. S. T. Pantelides.
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